*Communicated by T. Yoshioka.*

Weeds are among the most critical factors affecting the crop yield (Holt & Orcutt [1991](#wbm12073-bib-0014){ref-type="ref"}) and are responsible for the worldwide productivity decline in various agricultural crops. In India, weeds account for ∼37% of the total annual loss of agricultural produce from various pests (Yaduraju [2006](#wbm12073-bib-0048){ref-type="ref"}). Acting at the same trophic level as the crop, weeds capture the available resources that are essential for crop growth. Thus, leaving weeds uncontrolled will eventually lead to a significant reduction in crop yield and quality. The features that confer competitive superiority to weeds are vigorous shoot and root growth, rapid leaf canopy development, architecture, height, rates of transpiration, photosynthesis and conductance, water use efficiency (Patterson [1995](#wbm12073-bib-0027){ref-type="ref"}) and high growth rate (Mohler [2001](#wbm12073-bib-0021){ref-type="ref"}).

Wheat (*Triticum aestivum* L.) covers ∼17% of the total world\'s cropped land and contributes 35% of the staple food and 20% of the calories (Chhokar *et al*. [2006](#wbm12073-bib-0009){ref-type="ref"}). It is one of the major cereals in India, grown over an area of ∼25 million ha (Sharma *et al*. [2004](#wbm12073-bib-0033){ref-type="ref"}), and is used as a staple food for a large population (Chhokar *et al*. [2006](#wbm12073-bib-0009){ref-type="ref"}). However, weeds are the major constraint in the production of wheat in India as they reduce crop yields by 22.7% (Varshney [2007](#wbm12073-bib-0043){ref-type="ref"}).

Studies indicate that *Phalaris minor* Retz, *Chenopodium album* L., *Melilotus indicus* L., *Avena fatua* L., *Rumex dentatus* L. and *Polygonum plebeium* R.Br. are the most frequent weeds in irrigated wheat under the rice--wheat system of the Indian subcontinent (Mustafee [1991](#wbm12073-bib-0022){ref-type="ref"}; Sharma *et al*. [2004](#wbm12073-bib-0033){ref-type="ref"}; Tiwari *et al*. [2007](#wbm12073-bib-0042){ref-type="ref"}; Vashisht *et al*. [2008](#wbm12073-bib-0044){ref-type="ref"}). *Phalaris minor* Retz. among the grassy weeds and *R. dentatus* L. among the broad‐leaved weeds are of major concern in India (Balyan & Malik [2000](#wbm12073-bib-0005){ref-type="ref"}; Chhokar *et al*. [2006](#wbm12073-bib-0009){ref-type="ref"}). The dominance of these two species is influenced by tillage practices as continuous zero‐tillage has been shown to lower *P. minor* incidence and increase the build‐up of *R. dentatus* (Sharma *et al*. [2004](#wbm12073-bib-0033){ref-type="ref"}; Tiwari *et al*. [2007](#wbm12073-bib-0042){ref-type="ref"}). Alarmingly, *P. minor* has developed extensive isoproturon resistance due to the latter\'s continuous use (Yaduraju [1999](#wbm12073-bib-0047){ref-type="ref"}; Chhokar *et al*. [2006](#wbm12073-bib-0009){ref-type="ref"}). Similarily, *C. album* L., considered to be among the first five most important weeds in the world, is becoming a serious threat due to the origin of its herbicide‐resistant races (Aper *et al*. [2010](#wbm12073-bib-0002){ref-type="ref"}).

Singh *et al*. ([2008](#wbm12073-bib-0034){ref-type="ref"}) discussed the dynamics of the functional groups of weed flora in wheat fields of the Indian Indo‐Gangetic Plains on the basis of life form. However, it is necessary to further characterize the weed flora based on their ecophysiological traits that determine their pattern of resource capture and competitive ability. Ecophysiological traits regulate ecosystem processes (Wardle *et al*. [1998](#wbm12073-bib-0045){ref-type="ref"}; Díaz *et al*. [2004](#wbm12073-bib-0010){ref-type="ref"}), actively influence ecosystem properties, such as resource availability and dynamics, and determine the resource capture ability of any competing species (Kropff *et al*. [1992](#wbm12073-bib-0018){ref-type="ref"}). Studies indicate that species with high rates of photosynthesis, transpiration and decomposition have a fast growth rate (Chapin [1993](#wbm12073-bib-0008){ref-type="ref"}). Similarly, the specific leaf area (SLA) has been shown to correlate positively with traits that allow the plant to acquire external resources rapidly (Poorter & Garnier [1999](#wbm12073-bib-0029){ref-type="ref"}). According to Storkey ([2006](#wbm12073-bib-0039){ref-type="ref"}), species with a similar ecophysiological profile will have a similar function in terms of competition.

Simulation models have been developed recently in which the mechanisms of interplant competition are described based on plant physiology (see Caldwell *et al*. [1996](#wbm12073-bib-0006){ref-type="ref"}). In order to calibrate empirical models of crop yield loss based on relative weed green area to different growing seasons, detailed knowledge of the ecophysiological growth characteristics of weeds and crops is necessary (Storkey [2004](#wbm12073-bib-0037){ref-type="ref"}). Many of these parameter estimates can vary among crop genotypes, species and cultural practices. The objective of this research was to compare the estimates of selected ecophysiological parameters for a wheat crop and its five dominant weeds that are found in the Indo‐Gangetic Plains of India. The area has a tropical monsoonal climate with a cold winter (November to February), a hot summer (April to June) and a warm rainy season (July to September).

Materials and Methods {#wbm12073-sec-0002}
=====================

The study was conducted from December 2008 to April 2009 at the research farm of the Institute of Agricultural Sciences, Banaras Hindu University, Varanasi, India. The farm (25°15′N, 80°59′E) was situated 76 m a.s.l. The annual rainfall at the study site averages 1100 mm, of which \>85% falls during the rainy season from the south‐west monsoon. The details of the rainfall and temperature conditions of the area are given in Figure [1](#wbm12073-fig-0001){ref-type="fig"}. The soil is alluvial, well‐drained, pale brown, silty loam, Inceptisol with a neutral reaction and is low in available N and K (Singh *et al*. [2011](#wbm12073-bib-0035){ref-type="ref"}).

![Mean daily temperature and rainfall during the study period (2008--2009) at Banaras Hindu University, Varanasi, India. (□), Rainfall; (●), temperature.](WBM-15-102-g001){#wbm12073-fig-0001}

Experimental design {#wbm12073-sec-0003}
-------------------

The experiment was set in a completely randomized block design with three replicate plots (each 5.0 m × 3.0 m) separated by 0.5 m strips. The sowing of wheat (var. Kundan) was done on December 18 2008 through drilling, with a row‐to‐row distance of 20 cm and a spot‐to‐spot distance of 15 cm. The Kundan variety is a high‐yielding (4.0--4.5 t ha^−1^), semidwarf variety of wheat. Its life cycle continues for ≤125--130 days after sowing (DAS). These fields had been subjected to the same treatments, as described below, for the past 12 years and followed a rice--wheat--fallow crop rotation. The fertilizer application of NPK followed the regional practices. The basal treatments of KCl and P~2~O~5~ were applied at the rate of 80 and 40 kg ha^−1^, respectively, P~2~O~5~ being applied in the form of single superphosphate and KCl being applied in the form of potash at the time of sowing. Nitrogen was applied as urea at the rate of 120 kg N ha^−1^ in three split doses. The first dose of urea (40 kg N ha^−1^) was applied at the time of sowing; other two doses (40 kg N ha^−1^), were applied as top dressing during the active tillering (30 DAS), and flowering stages (60 DAS) of wheat, respectively. In order to avoid water shortages until harvest, the plots were surface‐irrigated weekly. The weeds were allowed to develop in the wheat plots without physical and chemical control.

The weed composition was analyzed by using two 50 cm × 50 cm randomly placed quadrats in five wheat fields of the study area. For each weed species, the Importance Value Index (IVI) was calculated as the sum of the relative values of frequency, density and dominance. Based on this analysis, five dominant weeds were selected for the study; namely, *Anagallis arvensis*, *C. album*, *Melilotus albus*, *P. minor* and *R. dentatus*. (Table [1](#wbm12073-tbl-0001){ref-type="table"}). Other authors also have reported that these are the most important weeds in the Indo‐Gangetic Plains, in terms of ubiquitous dominance and crop damage (Mustafee [1991](#wbm12073-bib-0022){ref-type="ref"}; Sharma *et al*. [2004](#wbm12073-bib-0033){ref-type="ref"}; Tiwari *et al*. [2007](#wbm12073-bib-0042){ref-type="ref"}; Vashisht *et al*. [2008](#wbm12073-bib-0044){ref-type="ref"}).

###### 

Relative frequency (RF), relative density (RD), relative dominance (RA) and Importance Value Index (IVI) of the dominant weed species that were found in the wheat agroecosystem under study on different days after sowing (DAS)

  Species                    25 DAS   60 DAS   90 DAS   105 DAS                                                                              
  -------------------------- -------- -------- -------- --------- ----- ------ ------ ------ ----- ------ ------ ------ ------ ------ ------ ------
  *Phalaris minor*           11.1     26.1     20.2     57.4      9.6   19.2   16.2   45.0   9.3   21.3   17.9   48.5   11.4   23.6   18.4   53.4
  *Melilotus albus*          10.6     14.6     11.9     37.1      9.6   21.9   18.5   50.0   9.3   17.7   14.9   41.9   11.4   19.2   14.9   45.5
  *Chenopodium album*        10.6     22.7     18.0     51.3      9.6   15.1   12.7   37.4   8.2   16.1   15.1   39.4   9.5    15.8   14.3   39.6
  *Anagallis arvensis*       7.4      5.2      6.0      18.6      8.8   5.7    5.3    19.7   9.3   6.6    5.5    21.5   7.6    5.0    5.9    18.5
  *Rumex dentatus*           5.5      4.3      4.9      14.8      4.8   8.4    7.1    20.3   4.7   5.9    6.2    16.8   7.6    6.1    7.4    21.1
  *Alternanthera sessilis*   6.9      4.0      4.9      15.8      6.8   3.8    4.5    15.1   8.6   6.8    6.3    21.7   6.7    3.7    4.9    15.3
  *Solanum nigrum*           4.1      1.9      3.8      9.9       8.4   3.7    3.5    15.6   8.6   3.9    4.1    16.6   7.6    6.1    6.0    19.7
  *Polygonum barbatum*       4.6      2.0      3.3      9.9       6.8   3.2    3.8    13.8   8.2   5.0    4.7    18.0   8.1    5.3    5.9    19.3
  *Vicia hirsuta*            7.4      3.3      3.8      14.5      4.8   2.1    3.4    10.3   6.6   3.7    4.4    14.8   7.6    4.4    5.1    17.1
  *Cyperus* spp*.*           6.9      4.2      4.8      15.9      4.8   3.8    5.5    14.0   4.7   2.6    3.9    11.2   6.2    3.7    4.7    14.6
  *Melilotus indicus*        5.5      3.3      4.1      12.9      4.0   2.5    4.6    11.1   5.8   2.7    3.7    12.3   4.3    2.4    3.0    9.8
  *Vicia sativa*             4.6      2.1      3.5      10.3      8.0   4.3    4.4    16.7   3.5   1.5    3.6    8.7    2.9    1.1    2.3    6.2
  *Dicanthium annulatum*     5.1      2.0      3.4      10.5      5.6   2.4    3.5    11.5   4.3   2.0    3.6    9.9    3.8    1.6    2.6    8.0
  *Lathyrus* sp*.*           4.6      2.0      3.8      10.4      4.4   1.7    3.1    9.2    5.1   2.5    3.8    11.4   2.4    0.9    2.4    5.7
  *Cynodon dactylon*         5.1      2.4      3.5      10.9      4.4   2.1    3.8    10.3   3.9   1.5    2.1    7.5    2.9    1.1    2.3    6.3
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*Phalaris minor* Retz. (littleseed canarygrass) is an annual exotic and the most noxious weed of wheat in a rice--wheat system over an area of ∼10 million ha in India. The plant height approaches ≤100 cm; at maturity, *P. minor* inflorescences can be taller than the dwarf wheat varieties. *Chenopodium album* (common lambsquarter) is a fast‐growing, broad‐leaved winter weed of the family Chenopodiaceae, reaching heights of ≤150 cm. *Rumex dentatus* L*.* is a small‐seeded, broad‐leaved weed of wheat, commonly known as "toothed dock" or "jungali palak", growing to a maximum length of ∼12 cm; however, after flowering, it produces a slender, erect stem ≤70--80 cm in height. *Melilotus albus* (sweet clover) is a dicot legume, reaching 10--50 cm in height. *Anagallis arvensis* is a dicot, annual or perennial plant, reaching ∼30 cm in height.

Monitoring of the physiological and leaf traits {#wbm12073-sec-0004}
-----------------------------------------------

Naturally occurring weed populations in the wheat plots were used for monitoring of the traits. Data on the physiological traits of wheat and its weeds were collected at the grain maturation stage of wheat (75 DAS). At the time of the experiment, *R. dentatus*, *M. albus* and *A.arvensis* were in the flowering stage; however, \>50% of the populations of *P. minor* and *C. album* had started fruiting. Therefore, for convenience, only those plants of *P. minor* and *C. album* that had started fruiting were used. Three individuals per species from each of the three plots were selected for the experiment. The uppermost, youngest, fully grown and apparently healthy leaf from each individual on sunny days between 08.00 hours and 11.00 hours local time was used for the experiment.

The photosynthetic rate (A), stomatal conductance (g~s~) and transpiration rate (E) of the plants were measured with a gas exchange system (LI‐6400; LI‐COR, Lincoln, NE, USA). The rates were determined at, or near, light‐saturating conditions (mean photosynthetically active radiation: 1305.2 ± 64 μmol m^−2^ s^−1^). The flow rate was maintained at 500 μmol s^−1^. During the measurement, the air temperature was 29.3°C ± 0.6°C and the leaf temperature was 28°C. The vapor pressure deficit, based on the measured leaf temperature, varied by 2.3 ± 0.05 kPa. The relative humidity ranged from 35% to 38% and the CO~2~ concentration was 380 ± 5 μmol CO~2~ mol^−1^. The leaves were held in the chamber until the photosynthesis values became constant. The water use efficiency (WUE) was calculated as the ratio of A/E. The photosynthetic nitrogen‐use efficiency (PNUE) was calculated as the ratio of A to leaf N concentration per unit area.

The harvested plants were separated into the roots, stems, leaves and inflorescences. The leaves were separated into green and senesced leaves and the leaf area measurements were made on the green leaves with a leaf area meter (211; Systronics, Dubai, United Arab Emirates). The plant parts then were oven‐dried to a constant weight at 70°C for 48 h. The specific leaf area (SLA) (the abbreviations are listed in Table [2](#wbm12073-tbl-0002){ref-type="table"}) was calculated as the area per unit mass, while the leaf area ratio (LAR) and leaf mass ratio (LMR) were calculated as the ratio of leaf area and total plant weight and leaf mass to total plant weight, respectively.

###### 

List of abbreviations

  Abbreviation   Description
  -------------- -------------------------------------------------------------------------------------------------------------
  A              Light‐saturated rate of net photosynthesis per unit area
  E              Transpiration rate
  g~s~           Stomatal conductance
  LAR            Leaf area ratio: projected leaf area/whole‐plant dry mass
  LMR            Leaf mass ratio: ratio of leaf mass to plant dry mass
  LNC~a~         Leaf nitrogen concentration (area basis); equivalent to LNCm/SLA
  LNC~m~         Leaf nitrogen concentration (mass basis), %
  LNP            Leaf nitrogen productivity: rate of dry mass increase per unit leaf nitrogen
  NAR            Net assimilation rate: instantaneous growth rate per unit projected area
  PAR            Photosynthetically active radiation
  PNUE           Photosynthetic nitrogen‐use efficiency: light‐saturated rate of net photosynthesis per mol of leaf nitrogen
  RGR            Relative growth rate: increase in dry mass per unit mass per unit time
  SLA            Specific leaf area: projected leaf area per unit dry mass
  WUE            Water use efficiency
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The relative growth rate (RGR) and net assimilation rate (NAR) were determined by using the following expression (Evans [1972](#wbm12073-bib-0011){ref-type="ref"}; Hunt & Cornelissen [1997](#wbm12073-bib-0015){ref-type="ref"}):$$\text{RGR} = {\left( {\ln W_{2} - \ln W_{1}} \right)/\left( {T_{2} - T_{1}} \right)}$$ $$\begin{matrix}
{\text{NAR} = {\left( {\ln\text{LA}_{2} - \ln\text{LA}_{1}} \right)/\left( {\text{LA}_{2} - \text{LA}_{1}} \right)}} \\
{\, \times \,{\left( {W_{2} - W_{1}} \right)/\left( {T_{2} - T_{1}} \right)}.} \\
\end{matrix}$$

Here, W~2~ is the total plant weight at time T~2~, W~1~ is the total plant weight at time T~1~, LA~2~ is the total leaf area at time T~2~ and LA~1~ is the total leaf area at time T~1~. For the present study, the T~1~ and T~2~ measurements were at 45 and 75 DAS, respectively.

The plant height was measured from the base of the plant to the tip of the longest leaf. For this, five healthy plants were selected from each population (wheat + weeds) at the grain maturation stage of wheat (which corresponds to the flowering stage of *R. dentatus*, *M. albus* and *A. arvensis* and the fruiting stage of *P. minor* and *C. album*) for height measurement.

In order to estimate the chlorophyll content, leaf samples were homogenized in 80% acetone and the absorbance was measured at 663 and 645, respectively. The chlorophyll concentration then was calculated following Arnon ([1949](#wbm12073-bib-0003){ref-type="ref"}). The total leaf N concentration mass basis (LNC~m~) was determined with a CHN analyzer (CE‐440; Exeter Analytical, Inc., Coventry, UK). The total N area basis (LNC~a~) was calculated as the ratio of LNC~m~ and SLA. The leaf N productivity (LNP) was calculated by using the following expression (Wright & Westoby [2000](#wbm12073-bib-0046){ref-type="ref"}):$$\text{LNP} = {\text{RGR}/\left( {\text{LNC}_{m} \times \text{LMR}} \right)}.$$

A statistical analysis was carried out with SPSS 17.0 for Windows (IBM SPSS Statistics, Chicago, IL, USA). An ANOVA was used to infer species differences in the observed ecophysiological parameters and a range test was used for the pairwise multiple comparisons (Holm--Sidak method). A discriminant analysis was used to group species based on their studied ecophysiological traits. A discriminant analysis was carried out with SPSS by entering the independents together and setting all group prior probabilities as equal. A within‐group covariance matrix was used. A univariate Anova\'s Box\'s M and unstandardized function coefficients were the requested output. A path analysis was done by using AMOS 16.0 software (Arbuckle [2007](#wbm12073-bib-0001){ref-type="ref"}), which implements the general approach to data analysis known as "structural equation modeling", also known as "analysis of covariance structures", or "causal modeling".

Results {#wbm12073-sec-0005}
=======

The respective mean heights of wheat, *P. minor*, *C. album*, *R. dentatus*, *M. albus* and *A. arvensis* were 105 ± 1, 100 ± 0.4, 109 ± 2.5, 68 ± 1, 41 ± 1.5 and 29 ± 1 cm at the grain maturation stage of wheat. The ANOVA showed significant differences in the plant height of various species (*F* ~5,24~ = 542.45, *P* ≤ 0.001).

In the present study, the SLA values across the species varied from 17.79 to 24.54 m^2^ kg^−1^ (Table [3](#wbm12073-tbl-0003){ref-type="table"}). The differences in the mean values of SLA among the species were statistically significant (*F* ~5,48~ = 16.007, *P* ≤ 0.001). However, the pairwise multiple comparisons showed that, based on their SLA values, the species could be divided into two groups: *M. albus, A. arvensis* and *R. dentatus* in the high‐SLA group and wheat, *P. minor* and *C. album* in the low‐SLA group. The species with a higher SLA also had a higher LNC~m~ (Table [3](#wbm12073-tbl-0003){ref-type="table"}) and total chlorophyll content (Table [3](#wbm12073-tbl-0003){ref-type="table"}).

###### 

Comparative growth performance of wheat and its weeds in terms of specific leaf area (SLA), leaf area ratio (LAR), relative growth rate (RGR), net assimilation rate (NAR), leaf mass ratio (LMR) and physiological traits

  Characteristic                 *Anagallis arvensis*   *Chenopodium album*   *Melilotus albus*   *Phalaris minor*   *Rumex dentatus*   Wheat
  ------------------------------ ---------------------- --------------------- ------------------- ------------------ ------------------ ----------------
  SLA (m^2^ kg^−1^)              22.48 ± 0.65b          18.75 ± 0.69a         24.54 ± 0.97b       17.65 ± 0.16a      22.21 ± 1.00b      17.79 ± 0.52a
  LAR (m^2^ kg^−1^)              9.19 ± 0.96c           2.95 ± 0.41ab         8.59 ± 1.32c        6.95 ± 2.50bc      7.43 ± 3.17bc      1.11 ± 0.08a
  RGR (mg mg^--1^ per day)       0.068 ± 0.006a         0.10 ± 0.007a         0.081 ± 0.004a      0.069 ± 0.011a     0.090 ± 0.005a     0.076 ± 0.004a
  NAR (mg mm^--2^ per day)       0.003 ± 0.004a         0.012 ± 0.003b        0.005 ± 0.001a      0.005 ± 0.002a     0.003 ± 0.001a     0.014 ± 0.003c
  LMR (%)                        0.27 ± 0.04b           0.14 ± 0.02ab         0.25 ± 0.03b        0.17 ± 0.04ab      0.14 ± 0.04ab      0.08 ± 0.03a
  LNC~m~ (%)                     5.65 ± 0.05a           4.38 ± 0.02b          6.07 ± 0.02c        4.87 ± 0.05d       5.60 ± 0.01a       3.19 ± 0.01e
  LNC~a~ (g m^−2^)               2.52 ± 0.07c           2.34 ± 0.12b          2.47 ± 0.02bc       2.76 ± 0.03c       2.52 ± 0.08c       1.79 ± 0.04a
  Chlorophyll (mg g^−1^)         1.39 ± 0.02b           1.18 ± 0.06ab         1.81 ± 0.06c        1.07 ± 0.07a       1.41 ± 0.04b       1.18 ± 0.11ab
  A (μmol m^−2^ s^−1^)           13.13 ± 0.24d          7.67 ± 0.37b          14.88 ± 0.19e       5.78 ± 0.37a       10.75 ± 0.54c      5.47 ± 0.31a
  g~s~ (mol H~2~O m^−2^ s^−1^)   0.21 ± 0.01b           0.19 ± 0.04ab         0.38 ± 0.03c        0.10 ± 0.01a       0.54 ± 0.04c       0.11 ± 0.01ab
  E (mmol H~2~O m^−2^ s^−1^)     10.25 ± 0.38c          7.42 ± 1.03b          14.20 ± 0.89d       4.03 ± 0.19a       12.31 ± 0.77c      3.99 ± 0.30a
  WUE (μmol mol^−1^)             1.29 ± 0.03ab          1.20 ± 0.17ab         1.09 ± 0.09ab       1.43 ± 0.04b       0.90 ± 0.07a       1.4 ± 0.24c
  PNUE (μmol mol^−1^ s^−1^)      73.05 ± 0.68d          45.92 ± 4.03b         84.18 ± 1.45e       29.30 ± 2.10a      59.65 ± 4.73c      42.77 ± 3.26b

Values are the mean ± one standard error. The values in rows with different letters are significantly different from each other (Tukey\'s Honestly Significant Difference test at *P* \< 0.05). A, photosynthetic rate; E, transpiration rate; g~s~, stomatal conductance; LNC, total nitrogen content; PNUE, photosynthetic nitrogen‐use efficiency; WUE, water use efficiency.
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The total chlorophyll content in the leaves of the species differed significantly (*F* ~5,48~ = 16.36, *P* \< 0.001)*.* The pairwise multiple comparison indicated that the level of chlorophyll in wheat and the weeds was the same, except for *M. albus*, which had the highest value of chlorophyll among all the species under study*.* As a result of a positive relationship (*R* ^2^ = 0.72, *P* = 0.03) between the SLA and the LNC~m~, the leaf N content on an area basis became almost similar for the weeds. Although the crop (wheat) had a significantly lower LNC~a~ than the weeds, its LNP was many times higher than that of the weeds (Table [3](#wbm12073-tbl-0003){ref-type="table"}).

In this study, the RGR of the different species did not vary significantly (Table [3](#wbm12073-tbl-0003){ref-type="table"}). However, the NAR was the most for wheat and the least for *A. arvensis* and *R. dentatus*, while the LAR was at its maximum for *A. arvensis* and its lowest for wheat (Table [3](#wbm12073-tbl-0003){ref-type="table"}). Significant variations in the LMR among the species was observed (*F* ~5,48~ = 4.73, *P* = 0.001). Wheat had significantly lower LMR values, compared to *A. arvensis* and *M. albus*, while all the other species under study had similar values (Table [3](#wbm12073-tbl-0003){ref-type="table"}).

The ANOVA showed a statistically significant difference in A between the various species (*F* ~5,48~ = 123.08, *P* \< 0.001); however, the range test indicated that the values of A were the same for wheat and *P. minor*. The higher‐SLA group species also had higher rates of A (Table [3](#wbm12073-tbl-0003){ref-type="table"}). g~s~ varied significantly among the species (*F* ~5,48~ = 42.35, *P* \< 0.001): *R. dentatus* had the highest level of conductance, whereas *P. minor* and wheat had the lowest values. E varied significantly (*F* ~5,48~ = 40.37, *P* \< 0.001): the values were highest for *M. albus* and *R. dentatus* and lowest for wheat (Table [3](#wbm12073-tbl-0003){ref-type="table"}). The highest WUE values were observed for wheat and *P. minor* and the lowest for *R. dentatus* (*F* ~5,48~ = 3.79, *P* = 0.006).

Figure [2](#wbm12073-fig-0002){ref-type="fig"} shows the result of the discriminant analysis that was used to group the species on the basis of the ecophysiological parameters that were measured in the present study. The analysis revealed two distinct groups: (i) *A. arvensis*, *M. albus* and *R. dentatus*, with a high SLA, leaf N and chlorophyll content; and (ii) *C. album*, *P. minor* and wheat, with a low SLA, leaf N and chlorophyll content. Photosynthetic rate (A) in the first group of species was significantly higher, compared to the second group. The proportion of variance represented by the first axis of the discriminant analysis was 0.96. A stepwise multiple regression identified photosynthesis as the most significant predictor of the first discriminant axis. Apart from the discriminators used for analysis, E, g~s~ and WUE were members of the second group of predictors, which correlated significantly with the canonical discriminant functions. The first discriminant axis was also significantly correlated with the LAR and LMR. There was a negative correlation between the scores of discriminant axis 1 and the NAR. The second axis was explained mainly by variations in the chlorophyll content, but the inclusion of the SLA and photosynthesis in the model significantly improved the relationship.

![Canonical discriminant functions of five weeds and wheat on the basis of their ecophysiological traits. Aa, *Anagallis arvensis*; Ca, *Chenopodium album*; Mi, *Melilotus albus*; Pm, *Phalaris minor*; Rd, *Rumex dentatus*; Ta, wheat.](WBM-15-102-g002){#wbm12073-fig-0002}

Discussion {#wbm12073-sec-0006}
==========

The results that were obtained in this study have led to a functional grouping of weeds of wheat fields based on the ecophysiological traits that determine their pattern of resource capture ability in space and time. Species within the same group were similar in terms of their morphology, as well as physiology, and adopted similar strategies for growth and reproduction. Taller weeds, such as *C. album* and *P. minor*, constituted one group along with the crop, having a low A, SLA, LNC~m~, chlorophyll, PNUE and LAR in comparison to the shorter weeds, such as *A. arvensis*, *M. albus* and *R. dentatus*, which formed another group with a high A, SLA, LNC~m~, chlorophyll, PNUE and LAR. This might be related to their shorter life span compared to taller weeds, which emerge with the crop (Om *et al*. [2004](#wbm12073-bib-0024){ref-type="ref"}; Singh [2012](#wbm12073-bib-0036){ref-type="ref"}) and continue till crop harvest. Although the shorter weeds emerge later in the season and complete their life cycle early, for their survival they have to face intense competition from the crop and taller weeds, particularly for light. Therefore, a high SLA, PNUE, LNC~m~ and other supporting traits ensure their survival. Besides this, these traits also provide the smaller weeds with a benefit during light competition. Although being tall is beneficial for light competition, it demands a cost for plants. According to Nagashima and Hikosaka ([2011](#wbm12073-bib-5004){ref-type="ref"}), as the plant\'s height increases, its need to invest biomass more than proportionately in the stem to support its own weight increases, which in turn reduces the fraction of leaf mass in the plant and thus C gain. However, a smaller plant increases its biomass allocation to the green parts and increases its SLA and other leaf traits, which results in increased light acquisition efficiency (intercepted photon flux per unit aboveground mass) (Kamiyama *et al*. [2010](#wbm12073-bib-0016){ref-type="ref"}).

The direct and indirect effects of the SLA, LAR, LMR and leaf chlorophyll content on the photosynthesis of the two identified groups, as derived from a path analysis, are shown in Figure [3](#wbm12073-fig-0003){ref-type="fig"}. The study indicates that the SLA and LAR together were able to influence photosynthesis in the group 1 species (*A. arvensis*, *M. albus* and *R. dentatus*), which had a high SLA, leaf N and chlorophyll content. However, the LMR, by modulating the chlorophyll content, influenced the photosynthesis of the group 2 species (*C. album*, *P. minor* and wheat), which had a low SLA, leaf N and chlorophyll content. Any change in the SLA relates to actual changes in the leaf structure and chemical composition. A lower SLA could be associated with slower intercellular diffusion of CO~2~ (Parkhurst [1994](#wbm12073-bib-0026){ref-type="ref"}; Hikosaka *et al*. [1998](#wbm12073-bib-0013){ref-type="ref"}; Poorter & Evans [1998](#wbm12073-bib-0028){ref-type="ref"}) or with greater internal shading of chloroplasts by attenuating photons passing through the lamina (Terashima & Hikosaka [1995](#wbm12073-bib-0041){ref-type="ref"}), either of which could decrease the A of a leaf. The SLA is also associated with N allocation to photosynthesis (Poorter & Evans [1998](#wbm12073-bib-0028){ref-type="ref"}). The N allocation to carboxylation and bioenergetics increases with an increasing SLA (Hikosaka *et al*. [1998](#wbm12073-bib-0013){ref-type="ref"}; Onoda *et al*. [2004](#wbm12073-bib-0025){ref-type="ref"}). Hikosaka *et al*. ([1998](#wbm12073-bib-0013){ref-type="ref"}) also found that the SLA is positively correlated with the fraction of leaf N in ribulose‐1,5‐bisphosphate carboxylase (RuBisCO), a key enzyme of photosynthesis. This is because of the fact that ∼60% of the leaf soluble proteins consist of RuBisCO, which is often regarded as the most limiting factor for biomass production (Evans & Seemann [1989](#wbm12073-bib-5001){ref-type="ref"}; Takashima *et al*. [2004](#wbm12073-bib-0040){ref-type="ref"}). Other studies also demonstrate that increasing leaf N parallels increasing investment in photosynthetic compounds (thylakoid proteins, enzymes of the Calvin cycle (Onoda *et al*. [2004](#wbm12073-bib-0025){ref-type="ref"}; Takashima *et al*. [2004](#wbm12073-bib-0040){ref-type="ref"}; Harrison *et al*. [2009](#wbm12073-bib-5002){ref-type="ref"}; Hikosaka & Shigeno [2009](#wbm12073-bib-5003){ref-type="ref"}).

![Path analysis of five weeds and wheat on the basis of their ecophysiological traits. A, photosynthetic rate; LAR, leaf area ratio; LMR, leaf mass ratio; SLA, specific leaf area.](WBM-15-102-g003){#wbm12073-fig-0003}

Interspecific variations in A were driven mainly by variability in the SLA, leaf N content and chlorophyll content (Hikosaka [2010](#wbm12073-bib-0012){ref-type="ref"}). Considering all the species, the SLA, chlorophyll and LNC~m~ were positively correlated with A (Fig. [4](#wbm12073-fig-0004){ref-type="fig"}). High‐SLA species might allocate a lower fraction of leaf N to cell walls, leaving more N for photosynthesis, as compared with low‐SLA species, and have a higher PNUE (Poorter & Evans [1998](#wbm12073-bib-0028){ref-type="ref"}). This is evident by the fact that the high‐SLA species in this study had a high PNUE (*R* ^2^ = 0.96, *P* = 0.002). Similarly to the present study, A has been positively correlated with LNC~m~ and SLA in many studies (Poorter *et al*. [1990](#wbm12073-bib-0031){ref-type="ref"}; Hikosaka [2010](#wbm12073-bib-0012){ref-type="ref"}). According to Reich *et al*. ([1999](#wbm12073-bib-0032){ref-type="ref"}), these patterns are common to all species because significant N per unit mass accumulation would be required in the leaves to achieve a high A.

![Relationship between the photosynthetic rate (A) as a dependent variable and (a) chlorophyll, (b) specific leaf area (SLA) and (c) leaf nitrogen concentration (LNC).](WBM-15-102-g004){#wbm12073-fig-0004}

The variation in the LAR is largely determined by the variation in the SLA (Poorter & Remkes [1990](#wbm12073-bib-0030){ref-type="ref"}; Atkin *et al*. [1996](#wbm12073-bib-0004){ref-type="ref"}). In this study, the LAR and SLA were positively related (*R* ^2^ = 0.56, *P* = 0.08). According to Storkey ([2005](#wbm12073-bib-0038){ref-type="ref"}), at the lower light levels early in the season, species with a high SLA have a high RGR. As the light intensity increases, however, it becomes more advantageous to have a lower SLA to increase the capacity of individual leaves to absorb light. This will be more important for the taller species and there appears to be a general trade‐off between plant height later in the season and the SLA (Storkey [2005](#wbm12073-bib-0038){ref-type="ref"}). This also was observed in the study, as the taller weeds (*C. album* and *P. minor*) and the crop (wheat) had a low SLA later in the season. Plants with internodes, such as *Chenopodium* and many grasses, have been shown to display a very rapid (within minutes) increase in the rate of elongation growth of the stems after initiation of a simulated shade treatment (see references in Martínez‐García *et al*. [2010](#wbm12073-bib-0019){ref-type="ref"}). These alterations are accompanied by changes, including a reduced chlorophyll content, hyponastic leaves, increase in apical dominance (leading to reduced branching in dicots and tillering in grasses) and acceleration of flowering (Casal *et al*. [1990](#wbm12073-bib-0007){ref-type="ref"}; Kebrom & Brutnell [2007](#wbm12073-bib-0017){ref-type="ref"}). Also in this study, *C. album*, *P. minor* and wheat had a lower chlorophyll content, compared to *A. arvensis*, *M. albus* and *R. dentatus*.

Species that are adapted to a shaded environment below the canopy are characterized by a high SLA late in the season. The shorter weeds (*A. arvensis*, *M. albus* and *R. dentatus*) in this study had a relatively high SLA. The plants with a high RGR tended to have a high NAR and LAR. However, in this study, the NAR and LAR were negatively correlated (Fig. [5](#wbm12073-fig-0005){ref-type="fig"}). The variation in the LAR was related mainly to the variation in the SLA and, to a lesser extent, to that of the LMR. This negative correlation between the LAR and the NAR might be related to the negative correlation between the NAR and the SLA (Villar *et al*. [1998](#wbm12073-bib-5005){ref-type="ref"}). An inverse relationship between the LAR and the NAR also was reported by Poorter and Remkes ([1990](#wbm12073-bib-0030){ref-type="ref"}) and Meziane and Shipley ([1999](#wbm12073-bib-0020){ref-type="ref"}).

![Relationship between the net assimilation rate (NAR) and the leaf area ratio (LAR).](WBM-15-102-g005){#wbm12073-fig-0005}
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